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1. INTRODUCTION 

Due to the fast rise in Industrialization, the Information Technology sector, and development in the 
retail sector, electrical power requirements have increased significantly. There is a large gap between the 
supply side and load side demand. In this situation, alternate energy sources (renewable sources) can play an 
important role to overcome this electric power gap. Out of many alternate sources for the generation of 
electricity, wind energy is the most promising [1]. wind power as a generation source has specific 
characteristics, which include variability and geographical distribution. These raise challenges for the 
integration of large amounts of wind power into electricity grids. To integrate large amounts of wind power 
successfully, several issues are needed to be considered, including the design and operation of the power 
system, grid infrastructure issues, grid connection of wind power, power quality, and transient stability 
enhancement of wind generator systems [2]. Electrical power quality is the degree of any deviation from the 
nominal values of the voltage magnitude and frequency. "Power quality" is a term used to describe the most 
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important aspect of the electricity supply. Power quality has become a very important issue over the last 

decade. The addition of wind turbines can have a significant effect and increases the complexity of this 

problem. Depending on the grid configuration and the type of wind turbine used, different power quality 
problems may arise [3]. Integrating renewable into grids to any considerable degree can expose the system to 
issues that need attention lest the functionality of the grid is impaired. Such issues can be voltage fluctuation 

and frequency deviation of power supply [4]. 

There is a need for the assessment of electric power quality in grid-connected wind energy because 
electric power of poor quality has detrimental effects on the health of different electrical equipment and 
systems. Moreover, power system stability, continuity, and reliability fall with the degradation of the quality 
of electric power. Moreover, a present-day deregulated scenario of a power network demands high-quality 
electric power [5], [6]. There are various causes of poor power quality in grid-connected wind energy, as 
referred to in [5], [6]. The impact of poor power quality such as harmonics, voltage swell, dip, unbalance, 
fault condition, reactive power, and interruptions problems are affecting the wind power generation, 
additional losses, affecting the life of electrical equipment used in wind power system, direct impact on a grid 
system with chances of grid failure, violation of grid codes, affecting the wind power penetration, increasing 
of power demand by decreasing the power generation, increasing the load shedding problem in a rural area, 
affecting the continuity of power in the wind-based system, affecting the industrial development based on 
wind system, economic growth is affected, the additional cost is increased. Hence it is needed to consider the 
impact of wind energy in terms of increasing the cost of poor power quality: 

— The ultimate objective of this study is to determine and interface the optimistic energy storage device into 
grid connected wind energy system. So that the stability of the wind energy system is to be maintained 
and also able to enhance the overall efficiency of the wind energy system. 

— The statement of the problem is to study the integration of wind energy into the grid system, the power 
quality of the entire system is affected and hence there is a need to deal with the exploited power quality 
issues. The energy storage devices are playing a very important role in the power enhancement capacity 
of wind energy with power quality improvement features by using custom power devices. 


2. WIND ENERGY AND POWER QUALITY PERSPECTIVE 

Globally wind power generation has received more attention because of its merits. An induction 
generator is extremely popular for directly connected to the grid because of its low cost and robust energy 
conversion. During the start-up of induction generators, the requirement of reactive power is increased for its 
magnetization. Reactive power drained by the induction generators is tied to the active power generated by 
them, the variability of wind speed results in variations of the induction generator's real and reactive powers. 

It is this variation in active and reactive powers that interacts with the network, voltage, and frequency 

fluctuations: 

— These fluctuations cause flickering and inaccuracy in the timing devices. If good penetration of wind 
power is to be achieved, some remedial measures must be taken for power quality improvement. 

— Since both frequency and voltages are often affected in these systems, fast-acting control devices (i.e., the 
energy storage devices) are capable of exchanging active as well as reactive powers. Electrical energy in 
an alternating current (AC) system cannot be stored electrically. However, energy can be stored by 
converting the AC electricity and storing it electromagnetically, electrochemically, kinetically, or as 
potential energy. Each energy storage technology usually includes a power conversion unit to change the 
energy from one form to another. Integration of possible energy storage technology with custom power 
devices is among the possible power applications of energy storage. 

— The possible benefits include transmission enhancement, power oscillation damping, dynamic voltage 
stability, tie line control, short-term spinning reserve, load levelling, under-frequency load shedding 
reduction, circuit-breaker reclosing, sub synchronous resonance damping, and power quality 
improvement [2]-[4]. 


3. PROBLEM FORMULATION 
Mathematical model: 


Pm = Cp=pAv? = CpPm—W (1) 


In this (1), Pm is the power extraction of the wind turbine, is the wind velocity in m/s, and A is the area of the 
wind turbine [7]-[10]. The (1) indicates that the wind velocity is forced to the wind turbine and conversion of 
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wind energy into kinetic energy can be obtained. Later on, kinetic energy is converted into mechanical 
energy and mechanical energy is finally converted into electrical energy using the wind generator model. The 
overall efficiency of the wind energy system is about 15 to 16% due to its less power extraction, poor power 
quality, constraints, and limitations. Hence as compared to its capacity very less power is injected into the 
grid and hence there is a need to enhance the overall efficiency of the wind energy system and stability too. 

Due to the integration of wind energy into the grid, the power quality of the entire system is affected 
and hence there is a need to deal with the exploited power quality issues. The energy storage devices are 
playing a very important role in the power enhancement capacity of wind energy with power quality 
improvement features. Modeling and operation of the grid-connected wind energy system are considered 
herewith. The power quality analysis of the wind energy system in the grid is proposed via 
MATLAB/Simulink. According to the simulation results of power quality issues, the design and development 
of the supercapacitor-based energy storage system are developed and interfaced with the wind energy system. 
Custom power devices based on DSTATCOM are interfaced in association with a supercapacitor for overall 
power quality improvement of the grid-connected wind energy system. 


4. TYPES OF ENERGY STORAGE SYSTEMS AND WIND ENERGY SYSTEM 

Energy storage systems are available in various natures like electric springs, batteries, 
ultracapacitors, superconductors, mechanical flywheels, magnetic energy storage systems, and combinational 
methods too [11]. Due to the interfacing of smart energy storage devices into the wind energy system, more 
flexibility is provided to the grid system. The injection of more wind power into the grid is also obtained. 
Energy storage system interfacing with wind energy increases the overall efficiency of the grid system by 
increasing the capacity factors of various resources available. 

Out of many energy storage devices available, the supercapacitor and battery combination is 
selected herewith due to its huge merits [12], [13]. More power can be injected into the grid due to the 
interfacing of battery and supercapacitor as energy storages system. There are different types of wind 
generators used in the grid-connected mode of operation but the asynchronous generator is commonly 
preferred due to its huge merits. Commonly used wind generators are squirrel cage and wound rotor 
induction generators. They are also called doubly fed induction generator (DFIG). In this case, DFIG is used 
in the wind energy system in grid connected mode of operation. DFIG has more efficiency due to its flexible 
operation in various speed ranges by using back-to-back converter feeding to the rotor of DFIG with variable 
frequency currents as compared to traditional fixed speed operated wind energy system. DFIG is also enough 
able to control both the active and reactive power of wind energy systems using converters [14], [15]. 


5. SUPER CAPACITOR-BASED ENERGY STORAGE MODEL OF WIND FARM USING 
DSTATCOM 

Due to interfacing of variable wind energy in the wind farm via point of common coupling (PCC) in 
to the grid the power quality (PQ) issues are arises and PQ issues are voltage sag and swell, reactive power, 
voltage flickers, power factor, harmonics, faults, etc. At PCC proposed DSTATCOM with indirect current 
control scheme is connected along with smart energy storage devices like supercapacitor and battery to 
compensate the PQ. Supercapacitor and battery are integrated as energy storage system to sustain the active 
power flow under variable wind constraints [16]. 


5.1. Topology of DSTATCOM: past and current journey of DSTATCOM 
5.1.1. Significance of DSTATCOM 

In wind turbine the effective power management is obtained by using controller. Controller can 
start, stop the wind turbine operation and also support to coordinate the various wind turbines operation as 
per the requirement of environmental conditions. Hence controller is integral part of wind energy system. 

The acceptance and implementation of grid codes during grid connected mode of wind energy 
system is found under the guidance of American wind energy Association in United States. In U.S., due to 
experience of black out in 2003 the introduction of first grid code was implemented at distribution level side. 
International Electrotechnical Commission (IEC) and Regulatory Authority of grid codes are introduce 
the rules and regulations about the interfacing of wind energy system in to grid using IEC -61400-21. 

Basically, DSTATCOM is current controlled voltage source inverter used to injects the current in to 
the grid so that maintain the stabilized harmonics free source current and also maintain the phase shift as per 
source rated value. This additional injection of current needs to compensate the reactive power and 
harmonics of load and wind generator too. Hence the entire system power factor with specific power quality 
indices also improves. To obtain the same, sensing of grid voltages is going on and its synchronization with 
grid using current of inverter [16], [17]. 
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5.2. Comparison of DSTATCOM: Significance of proposed DSTATCOM 

In this case, various control strategies of DSTATCOM are considered such as bang-bang controller, 
PI, PID and indirect current control scheme. PI and PID controller are the basic wind turbine controllers. In 
this controller, generally initial tuning is received by using pole placement method and later on extensive 
method of aeroelastic simulation are utilized to get the good tuning for obtaining better regulations and lesser 
loading .in this case, rotor speed and generated power control can be obtained. It is applicable for small 
capacity wind turbines. It uses pitch angle controlling method for getting the rated output. As compared to 
other control schemes Its response time is more [7]. 

Basically Bang-Bang controller is nothing but hysteresis current control scheme. In Bang Bang 
controller, injection of currents in to the grid is obtained. By using this controller, the boundaries of 
hysteresis area are controlled accurately and provides the exact switching pulses for operation of 
DSTATCOM [16], [17]. This controller needs huge measurements of variables like source current, using the 
sensor measure inverter current, and DC output voltage. 

Indirect current control scheme based DSTATCOM having response time is very less compared to 
other control schemes. This controller required less variables as compared to other control schemes. Hence 
the operation time required is less. Extraction of maximum power from wind turbine is possible by using 
improved coefficient of performance i.e. cp. Maximum power point tracking based optimizations of output 
power is obtained using this controller [8]—[10]. 


5.3. Super capacitor-based energy storage model of wind farm using indirect current control scheme 
based DSTATCOM 

Energy storage by using a supercapacitor is considered. Due to this power enhancement of wind 
power is obtained. It also helps to increase the power quality [18], [19]. Figure 1 shows the detailed model of 
a supercapacitor interfaced with a DSTATCOM-based wind farm. Advanced capacitors: capacitors store 
electric energy by accumulating positive and negative charges (often on parallel plates) separated by an 
insulating dielectric [20]-[25]. 

The basic configuration of a DFIG wind turbine equipped with a super capacitor-based ESS is shown in 
Figure 1. By using the gearbox, the integration of small speed to large speed is established for DFIG. 
Basically, slip ring rotor-based induction machine is nothing but the DFIG. DFIG is integrated with grid 
system by using converters of stator and rotor side. In depth of DFIG, stator is feeding to grid directly while 
injection of rotor power to the grid is obtained by using rotor side converter/inverter as well as grid side 
converter/inverter in back to mode of connection via DC link. Wind generators are operating at the speed 
ranges of +27—-31% of the synchronous speed and capable of controlling the real and reactive power 
individually. In this model, the smart energy storage system is utilized with ultracapacitors, battery and smart 
converter of DC -DC is linked with converters of DFIG. The controlling of generated real power of wind 
generator is obtained by using smart energy storage system of supercapacitor and battery. The entire smart 
energy storage system is monitored and controlling is given as below in Figure 1. 

Universal bridge controller: This block implements a bridge of selected power electronics devices. 
Series RC snubber circuits are connected in parallel with each switch device. Discrete synchronized 6 pulse 
generator: use this block to fire the 6 Thyristors of a 6-pulse converter. The output is a vector of 6 pulses 
(0-1) individually synchronized on the 6 commutation voltages. Pulses are generated alpha degrees after the 
increasing zero-crossings of the commutation voltages. Input 1 is the alpha firing signal (degrees). Inputs 2, 
3, and 4 are the synchronization voltages AB BC CA which should be in phase with the 3 phase-phase 
voltages at the converter terminals. Input 5: Frequency of the synchronization voltages (use a constant or the 
Freq PLL output). Input 6 allows blocking of the pulses when the applied signal is non-zero. When the 
‘Double pulsing’ option is checked, two pulses are sent to each Thyristor: a 1st pulse when the alpha angle is 
reached, then the 2nd pulse 60 degrees later, when the next Thyristor is fired. 

Figure 2 indicates the entire energy storage model with DSTATCOM in grid connected wind farm. 
MATLAB/Simulink based wind farm is considered herewith having four feeders. Each feeder having 
approximately 18 wind turbines likewise total 52 wind turbine are connected together in grid connected mode 
of operation. Induction generator of 1.25 MW each capacity is used, it generates wind power at 690 V. 
further step transformer is converting 690 V to 33 KV and 33 KV to 132/220 KV of grid system via power 
transformer of 50 MVA. Further smart energy storage system and custom power device i.e. DSTATCOM are 
playing role of real and reactive power exchanges of wind generators during its wind power injection to the 
grid system. Hence stability, voltage profile control and effective power quality enhancement is also obtained 
in this mode of operation which is shown in Figure 2. 
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Figure 2. Energy storage model with DSTATCOM in wind farm 
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5.4. Simulation model of wind farm by using supercapacitor 

The Novel technical results by using proposed indirect current control Scheme of DSTATCOM is 
mentioned in detailed as follows. Simulation models of the wind farm by using Supercapacitor: DFIG are 
considered for further simulation. It is a variable speed in nature and has a rotor and grid side converter for 
effective integration to the grid. But variable wind speed is affecting the power generation in fluctuating 
nature and which affects the power quality. So, for effective smoothening and balancing the wind power, the 
supercapacitor is interfaced with the wind farm which performs the effective exchange of active and reactive 
power by using power electronics control. Wind power is penetrated to the grid and also linked up with a 
universal bridge converter through inductances and breakers. 

A universal bridge converter is feeding the power to a controlled voltage source and is linked with a 
super capacitor for energy storage. There is an inverter section for reverse application i.e., from the 
supercapacitor, DC power is inverted to ac and further integrated into a grid for effective exchanging of 
electric power. Smoothening and balancing of wind power are obtained which provides good power quality. 
Hence additional power has penetrated the grid. even at low wind speed, power is stored and further reused 
as an inverter for integration to the grid which is shown in Figures 3 and 4 respectively. 
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Figure 3. Active power in energy storage model with DSTATCOM in wind farm 
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Figure 4. Reactive power in energy storage model with DSTATCOM in wind farm 
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It shows that initial power quality (PQ) and power fluctuations due to variable wind are smoothed 
by using an energy storage system and 20 MW of active power is reached. Active power penetration is 
enhanced from 15 to 20 MW due to the supercapacitor and hence the active power enhancement is increased 
by 15% because of PQ enhancement due to super capacitor-based energy storage system. An additional 15% 
of wind power has penetrated the grid. Similarly, due to the effect of the energy storage system the reactive 
power enhancement in the wind farm is obtained which is shown in Figure 4. 


6. NOVEL RESULTS AND ITS VALIDATION: 

The output power of wind turbine is enhanced by using smart energy storage devices like 
supercapacitor and battery with DSTATCOM. By using efficient blade pitching method with indirect current 
control scheme maximum extraction of wind power is obtained. Indirect current control scheme is best 
suitable for grid connected wind energy system due to its merits. As its time response is quick and less 
variables are required for analysis purpose, more power injection in to the grid is obtained as compared to 
other control schemes like PI, and PID. The simulation results obtained from MATLAB is compared and 
validated with power quality Analyzer based hardware results. As compared to results of PI, PID controller 
of wind energy system, the results of indirect current control scheme of DSTATCOM are better and an 
additional 15% of wind power has penetrated in to the grid. 


7. CONCLUSION 

The system development is case study in which the power quality analysis of wind farms is 
described by using a computational method i.e., MATLAB/Simulink. The simulation model is described for 
power quality issues such as active power, reactive power, fault ride through capability, and energy storage in 
detail. The enhancement of power quality issues by using DSTATCOM and energy storage of supercapacitor 
for wind energy are described in detail for various power quality issues in the case study. With and without 
custom power device-based PQ analysis is described. It has been observed that initial power quality and power 
fluctuations due to variable wind are smoothed by using an energy storage system and 20 MW of active power 
is reached. Active power penetration is enhanced from 15 to 20 MW due to the supercapacitor and hence the 
active power enhancement is increased by 15% because of PQ enhancement due to super capacitor-based 
energy storage system. 
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